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This study describes a new approach for material decomposition in x-ray imaging, utilising phase
contrast to both increase sensitivity to weakly-attenuating samples and to act as a complemen-
tary measurement to attenuation, therefore allowing two overlaid materials to be separated. The
measurements are captured using the single-exposure, single-grid x-ray phase contrast imaging tech-
nique, with a novel correction that aims to remove propagation-based phase effects seen at sharp
edges in the attenuation image. The use of a single-exposure technique means that images could be
collected in a high-speed sequence. Results are shown for both a known two-material sample and
for a biological specimen.
INTRODUCTION
X-ray imaging is widely used as a non-invasive method
of imaging the internal structure of a sample. One dif-
ficulty in projection radiography is the inability to sep-
arate overlying features that are projected onto a two-
dimensional image. A recent clinical approach to address
this has been dual-energy systems, which capture atten-
uation images at two different x-ray energies or spectra
in order to separate out two composite materials from
the anatomy [1]. A second difficulty in radiography is
the inability to capture weakly-attenuating features, like
the soft biological tissues that surround the strongly-
attenuating bones. Emerging techniques that capture x-
ray phase effects have addressed this challenge [2]. In this
study, we utilise two simultaneous x-ray measurements,
phase and attenuation, to separate out two materials
from a single projection radiograph. This approach pro-
vides the material separation advantage of dual-energy
imaging with the soft-tissue sensitivity of phase contrast
x-ray imaging.
A range of experimental techniques have been devel-
oped for phase contrast x-ray imaging (PCXI), both
at synchrotron x-ray sources and at laboratory-based
sources [3]. In the case where a time-series of projection
images is desired, the propagation-based PCXI technique
is commonly used, where an extra distance (centimetres-
to-metres) is introduced between the sample and detec-
tor to allow the wavefield to self-interfere. The resulting
image contains phase and attenuation effects, and can
be utilised to extract sample thickness in the case of a
single-material sample [4]. If phase and attenuation ef-
fects are to be separated, then an analyser-crystal, grat-
ing interferometer, edge-illumination or speckle-tracking
system is typically used and multiple exposures captured
at different optical settings [5]. If the extracted phase
and attenuation images need not be reconstructed at the
detector, an alternative is to directly resolve a grid or
speckle pattern and track distortions in this pattern to
measure phase effects [6–8]. This ‘single-grid’ approach
has the advantage that only one exposure of the sample
is required.
Material decomposition (MD) in X-ray imaging is the
task of separating X-ray data, either two- or three-
dimensional, into two or more of the sample’s con-
stituent materials. MD is commonly realised utilising the
element-specific energy dependence of X-ray attenuation
[1], quantified by the linear attenuation coefficient µ of
the element. It is, therefore, closely related to spectral
X-ray imaging, which has been adopted to clinical imag-
ing in the last decade [9]. X-ray phase-contrast imag-
ing methods recover not only the x-ray attenuation, de-
scribed by µ, but also the phase shift imprinted by the
sample, quantified by the refractive index decrement δ for
a given element. As the ratio of δ and β is element spe-
cific, spectral information can be substituted with atten-
uation and phase information for an alternative approach
to MD. MD via phase contrast has so far been demon-
strated experimentally using multiple-distance or energy
propagation-based PCXI [10], using a grating interferom-
eter in combination with CT [11, 12] and in projection
using a crystal-analyser [13]. Figure 1 shows δ and β for
several materials at an X-ray energy of 24 keV, with the
ratio δ/β remaining constant under a change of sample
density (dashed lines). For most robust decomposition,
the δ/β ratio for the two composite materials should be
as different as possible to each other.
In this paper, we present MD using a single x-ray
projection via single-grid phase contrast imaging [14].
The single-grid technique recovers both attenuation and
phase information and therefore allows for MD from a
single exposure. We furthermore describe a novel correc-
tion method that removes propagation-based phase ef-
fects seen at sharp edges in the attenuation image. Ex-
perimental results of a known two-material sample and a
biological specimen are presented.
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Figure 1. The δ and β values for different materials at 24 keV
are shown as filled dots. A change in density with unchanged
chemical composition leads to values along the dashed lines.
IMAGING METHODS AND RESULTS
The single-grid x-ray phase contrast imaging technique
uses a single exposure to measure two qualities of the
projected sample: attenuation and phase information.
From this information, we can extract two unknowns,
the thicknesses of composite materials 1 and 2, provided
δ and β for each material are known.
The experimental set-up used here places a phase grid
between the x-ray source and the detector [15]. The
grid provides a reference intensity pattern in order to
acquire phase information. The presence of a sample - a
gold bar grid (typically used in electron microscopy) and
PMMA microspheres in our first example - causes a shift
in the reference pattern, resulting from phase gradients
present in the samples. Propagation of the phase-shifted
wavefield over distance z, from the sample to the detec-
tor, locally distorts the reference pattern. From these
local distortions or shifts in pattern, we are able to re-
trieve the phase depth. Figure 2 shows the raw image
(2(a)) containing both the reference grid pattern and the
sample, with a magnified section shown in Fig. 2(b) to
reveal the reference grid pattern. The measurement of
the local shift uses a modified version of the sub-pixel
image registration algorithm of Guizar et al. [16]. At
each pixel, the algorithm calculates the sub-pixel offset
in the horizontal and vertical directions of the distorted
grid pattern with respect to the reference image, based
on a cross-correlation in Fourier space. By the use of
the Fast Fourier Transform, an initial guess of the cross-
correlation peak is made. A refinement of the peak loca-
tion is accomplished by upsampling the Discrete Fourier
Transform (DFT) within the vicinity of that peak loca-
tion through a matrix-multiply DFT [16]. The output
consists of a horizontal phase gradient (Sx) and a ver-
tical phase gradient (Sy), shown in Fig. 2(c) and Fig.
2(d), respectively.
The samples were imaged with a 5.4 µm period checker-
board phase grid 36.45 cm upstream of the detector,
0.722 µm pixel size, 25 keV synchrotron x-rays, 150 ms
exposures and 17 cm sample-to-detector distance. The
phase retrieval via cross-correlation was performed at ev-
ery pixel, investigating shifts of up to 2 pixels using a 8
× 8 pixel interrogation window. Subsequently, the trans-
verse shifts of the grid reference pattern are converted
into angles that describe the deflection of the wavefield
over distance z: tan(θx) = Sx/z and tan(θy) = Sy/z.
Figure 2. a) Raw image containing both the reference grid
pattern from the phase grid and the sample (gold EM grid
and PMMA microspheres), also shown b) magnified to reveal
the reference grid pattern. c) Horizontal and d) vertical dif-
ferential phase images, shown here with a linear greyscale,
stretching from -2 pixels shift (white) to +2 pixels (black).
The sample’s phase depth φ is described by φ = kδT ,
with wavenumber k = 2pi/λ, refractive index decrement
δ, and the projected thickness T [17]. The deflection
of the incident rays with angles θx and θy follows the
equations:
θx =
1
k
∂φ
∂x
and θy =
1
k
∂φ
∂y
. (1)
To retrieve the sample’s phase depth, the phase gradient
images are integrated according to the Fourier method
following the formula:
φ(x, y) = F−1
[
F (∂φ/∂x) + iF (∂φ/∂y)
ikx − ky
]
, (2)
3where kx and ky are the Fourier coordinates and
∂φ
∂x
= k tan−1(Sx/z) and
∂φ
∂y
= k tan−1(Sy/z) [14]. (3)
The resultant phase depth is shown in Fig. 3(a).
The image describing x-ray attenuation is formed by
dividing the raw image (2(a)) by the grid only image
(taken earlier) at the positions of the shifted grid pat-
tern found by the sub-pixel registration algorithm. The
attenuation image is shown in Fig. 3(b).
Since the synchrotron x-ray source is highly coherent
and the pixel size is relatively small, even with a small
distance between the sample and detector, the attenua-
tion image (Fig. 3(b)) includes propagation-based phase
effects from the sharp edges within the sample. In par-
ticular, the PMMA spheres are each surrounded by a
bright fringe that would be incorrectly interpreted in
a purely attenuation-based image as ‘negative’ attenu-
ation. Given the reconstructed phase depth (Fig. 3(a)),
it is possible to determine how we expect these fringes
to appear. This was done by numerically propagating a
wavefield with uniform intensity and with phase equal to
the measured phase depth (Fig. 3(a)), using the angu-
lar spectrum approach [18], then blurring the resulting
image by the measured point spread function. The prop-
agation distance in this numerical propagation was set to
the sample-to-detector distance used in the experiment,
in this case 17 cm. The resulting image, Fig. 3(c), shows
just the propagation-based phase effects. The attenua-
tion image shown in Fig. 3(b) is then divided by the
numerically-predicted phase effects shown in Fig. 3(c) to
produce Fig. 3(d), the attenuation image that has been
corrected to remove phase effects. Figures 3(a) and 3(d)
can then be used as two independent measures of the
sample to achieve MD.
The phase depth measurement depends on known val-
ues k and δ and unknown thickness T (equation ). A
thickness map can be recovered by dividing the phase
depth image by kδ. In the case of two materials, the
phase depth image is described as
φ = kδ1T1 + kδ2T2 = Mφ, (4)
where φ indicates the phase depth image, with this mea-
surement from now on written as Mφ, and T1 and T2
are defined as the thicknesses of material 1 (gold) and
material 2 (PMMA), respectively.
The attenuation image depends on the linear attenua-
tion coefficient µ of a material, described by I = I0e
−µT
where I is the measured intensity behind thickness T of
the material, I0 is the original intensity at T = 0 and µ
is the linear attenuation coefficient. This equation holds
for a single material. In the case of two materials, the
equation becomes I = I0e
−µ1T1−µ2T2 .
The attenuation image is given by the fraction of trans-
mitted photons I with respect to the original intensity I0,
Figure 3. For the gold/PMMA sample, a) the recovered
phase depth image, b) the initial (uncorrected) attenuation
image, c) the simulated image describing propagation-based
phase effects, and d) the corrected attenuation image, where
propagation-based phase effects are removed.
I/I0. In the case of a single material, a thickness map
can be recovered by taking the negative log of the at-
tenuation image and dividing by µ. In the case of two
materials, the attenuation image follows the equation
− ln(I/I0) = µ1T1 + µ2T2 = Mµ, (5)
where − ln(I/I0) is the negative logarithm of the attenu-
ation image, with the measurement from now on written
as Mµ.
Combining equations 4 and 5 in matrix notation gives[
kδ1 kδ2
µ1 µ2
] [
T1
T2
]
=
[
Mφ
Mµ
]
, (6)
containing the known kδµ-matrix, unknown thickness ar-
ray, and known image array containing the phase depth
image and attenuation image. The retrieval of the pro-
jected thickness map of each material can be obtained
by taking the inverse of the kδµ-matrix and multiplying
with the image array.
The formation of two thickness maps is based on the
tensor dot product between the kδµ-matrix and the im-
age array, yielding the equations:
T1 =
1
kδ1µ2 − kδ2µ1 · (µ2Mφ − kδ2Mµ) (7)
and
T2 =
1
kδ1µ2 − kδ2µ1 · (−µ1Mφ + kδ1Mµ). (8)
4The result of MD is presented in Fig. 4 where Fig. 4(a)
shows the extracted thickness map of gold and Fig. 4(b)
shows the thickness map of the PMMA microspheres.
The scalebar/greyscale bar corresponds to the extracted
thickness of the material in micrometres.
Figure 4. Thickness maps (T1, T2) of gold (a) and PMMA (b)
as a result of MD with accompanying colorbar describing the
extracted thickness values in micrometer.
To test the algorithm on a biological sample, a rabbit
toe was imaged using the same experimental parameters,
with thicknesses reconstructed using the δ and µ values
for bone and soft tissue. The results can be seen in Fig.
5, including the horizontal phase gradient (Fig. 5(a)),
then the extracted thickness of the bone (Fig. 5(b)) and
the soft tissue (Fig. 5(c)).
Figure 5. PCXI images of an immature rabbit toe. The hor-
izontal phase gradient image (a), the thickness map of bone
(b) and the thickness map of tissue (c).
DISCUSSION
We have demonstrated material decomposition from a
single image at a single x-ray energy using the single-
grid X-ray phase-contrast imaging technique. Most com-
monly, phase MD has been performed using phase imag-
ing techniques that utilise one-dimensional gratings or
an analyser-crystal and hence capture just one direction
of the phase gradient [11–13]. This makes phase inte-
gration highly susceptible to noise, and hence MD via
phase contrast has been most successful in practice using
three-dimensional computed tomography (CT). In con-
trast, the single-grid method presented here allows for
accurate integration of the phase from a single image,
due to simultaneous measurements of the phase gradi-
ents in both image directions [19]. Consequently, MD
can be performed using a single two-dimensional pro-
jection image, which is beneficial, for example, in rapid
imaging aiming to capture dynamics. The translation
of the single-grid method to CT is straightforward; and
the methods developed in [11] and [12] can readily be
applied after obtaining the phase and attenuation recon-
structions, or CT reconstruction could be performed us-
ing the material thickness maps (e.g. Fig. 4(a) and 4(b))
at each projection angle.
The key limitation of MD is that the sample must con-
tain no more than two other materials in addition to
air. If additional composite materials need to be ex-
tracted, then additional complementary measurements
are required, potentially at multiple energies (e.g with
an energy-resolving detector). Further work could inves-
tigate areas where the separation does not work perfectly,
for example the periodic artefacts seen where the refer-
ence grid intercepts the almost horizontal gold bars. The
imperfections seen in the decomposition of our dataset
seem to arise from an imperfect phase integration that
contains some low-frequency artefacts.
The phase propagation method used to correct residual
phase-contrast fringes in the attenuation images (shown
in Fig. 3) has the potential to improve any kind of differ-
ential phase imaging that suffers from propagation-based
edge fringes. The method presented here serves as a way
to substantially reduce these effects that can otherwise
reduce the accuracy of quantitative measurements or re-
sult in unwanted image artefacts. The results also show
that, in cases like the imaging of the PMMA spheres,
phase effects can play a significant role in reducing the
intensity seen behind the sample features.
There are possible applications for this method in secu-
rity, medicine and manufacturing, providing the most sig-
nificant advantage in cases that require high-speed pro-
jection imaging of overlaid materials. In medicine, one
example would be separating the ribs from the lungs in
chest imaging, to accurately measure lung volume, which
is already relevant in biomedical research into the aera-
tion of lungs at birth [20]. A key problem in airport secu-
rity screening is separating overlapping objects in a pro-
jection image of a suitcase [21], currently addressed using
dual energy imaging, which lacks sensitivity to weakly-
absorbing structures. Recent work in security screen-
ing has seen the most benefit from the scatter/dark-field
modality [22], with differential phase images revealing
structures but making it hard to differentiate specific ob-
jects. We anticipate that the approach here may be use-
ful for this (e.g. compare attenuation, Fig. 3(d), with a
single-material reconstruction, Fig. 4(b)) and other such
applications.
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